Effects of cold climate exposure on composite material structures are scarcely documented. As a result, even if exceptional wind conditions prevail in some cold regions, uncertainties related to composite materials durability at low temperatures may hinder development of wind energy projects in those regions. Therefore, as part of the Wind Energy Strategic Network (WESNet) of the Natural Sciences and Engineering Research Council (NSERC) of Canada, efforts were made to evaluate the effects of cold climate exposure on the mechanical properties of glass-epoxy composites. Tensile and compressive quasi-static tests as well as tensile (R = 0.1) and fully-reversed (R = −1) fatigue tests were performed on vacuum-infused [±45] 2s glass-epoxy composites at -40 and 23. Results for quasi-static tests show an increase of tensile, compressive and shear strengths and moduli at low temperatures. It is also demonstrated that for the stress range under scrutiny, fatigue performance is improved at −40 for both the R = 0.1 and R = −1 loading cases. Moreover, the failure mode for R = −1 fatigue changed from compressive failure due to buckling of delaminated plies to tensile failure, suggesting a more efficient use of the material. However, if R = −1 fatigue results at low temperature are extrapolated towards the very low stresses that are also part of wind turbine blades fatigue load spectrum, fatigue life may be degraded compared to that at ambient temperature. Finally, evidence of visco-elastic behaviour leading to changes in s − N curve slope parameter are reported. 
1 Background W ith the increased desire for harvesting resources from the world northernmost regions, questions arise regarding the performance and durability of equipments and structures exposed to the harsh environments prevailing there. Often, very limited information exists for operation under such severe conditions and reliability of equipments may have a major influence on projects costs, even more so considering the remoteness of the sites.
A good example of an industry facing challenges for harvesting resources from the North is the wind energy sector. Some northern regions have shown exceptional wind energy potential [1] , but the financial risks associated with operation of a wind plant in those regions are sometimes very high. This risk is due in part to the uncertainties surrounding wind turbines' reliability and unavailability (e.g. due to shut down in case of weather conditions outside their design envelope) or failures. The report from the International Energy Agency (IEA) Task 19 expert group on wind energy in cold climate, provides several examples of the challenges facing the wind energy industry in cold regions [2] .
Among the components that may undergo accelerated failure due to the harsh northern environment, one that could have a major impact on wind plant reliability is the turbine blade. As the blades are some of the most expensive components of utility scale wind turbines [3] , their early failure might have a critical impact on a plant's cost of energy.
In their review of the challenges facing the composite materials industry in civil engineering applications, Kharbari and his colleagues suggested that future research on the topic of environmental effects on composites should concentrate on bonded joints and fatigue [4] . More recently, in their review of material degradation in wind turbines, McGowan et al. concluded that the main degradation mechanisms of wind turbine blades were fatigue and creep and that a fundamental understanding of these mechanisms still lacked [5] . McGowan also noted that for large wind turbine blades where inertial efforts are important, the exceptionally long fatigue life required -over 10 8 − 10 9 cycles -meant that creep may become the dominant failure mode. In the concluding remarks of this review, the authors state that understanding the implications of service conditions such as moisture and temperature on the fatigue and creep performance of wind turbine blades composites is a necessity. Figure 1 and Figure 2 respectively provide a description of typical loads on a utility scale wind turbine and of the geometry and material architecture of wind turbine blades. More detailed descriptions of wind turbine loads or blade structural design can be found in Hau [6] , Brønsted et al. [7] , Buckney et al. [8] or Griffin [9] . Figure 1 shows that wind turbine blades are essentially cantilever beams subjected to large flapwise bending aerodynamic loads, coupled to lesser chordwise bending and torsional aerodynamic loads. In addition to the aerodynamic loads depicted in Figure 1 , inertial and gravitational loads are present although not illustrated as their value change greatly depending on the blade azimuth and acceleration. It is important to realize that all of these loads vary with time, leading to a very complex fatigue load spectrum. It is also worth noting that for multi-megawatt wind turbines, the gravitational loads and associated edgewise bending may become the structural design driver instead of the aerodynamic loads and flapwise bending [10] .
As shown in Figure 2 , the loads result in the blade upper surface being loaded in compression and the lower surface being under tensile stress. It is also seen that unidirectional and ±45°are the two major lamina configurations used in wind turbine blades load bearing structures. It is important to realize that failure of off-axis laminates like ±45°is likely to be dominated by matrix properties. As the latter are notoriously affected by temperature and moisture, it is evident that environmental conditions must also affect the mechanical performance of the composite. The adverse effects of high temperatures have been demonstrated in the past, but little efforts were devoted to identify effects of exposure to low temperatures.
A literature survey by Cormier and Joncas showed an important variability in the conclusions of past research on the effects of low temperature on the static properties of composites [11] . For example, effects of temperature from 200 K to 422 K (-73 to 149) on static properties of carbon reinforced epoxy composites have been studied by Shen and Springer [12, 13] . They concluded that low temperatures had little effects on tensile strength and modulus in the fibre direction, but that it could lower the tensile strength of some laminates with off-axis fibres. Bulmanis et al. reported reductions of strengths in carbon-epoxy, small reduction of wound glass-epoxy strength and no effects on [0/90] wound glass-epoxy [14] . Dutta also reported results for temperatures ranging between -60 and 23. Low temperature produced compressive strength increase for pultruded glass-polyester, no effects on tensile strength of ±45 • S 2 glass-epoxy and decreasing tensile strength with increasing 0°fi bre content for other S 2 glass-epoxy laminates [15, 16, 17] . Cormier and Joncas reported large tensile and interlaminar shear strength increase for unidirectional E glass-epoxy (fibre volume fraction, v f ≈ 0.55) at −40, but changes in modulus were not significant [11] . A comparable tensile strength increase, as well as an increase in compressive strength, were also reported by Nijssen and Cormier [18] and Cormier et al. [19] for another unidirectional glass-epoxy with v f ≈ 0.48 tested at −40.
Early work on the topic of low temperature fatigue of glass-epoxy composites by Toth et al. [20] showed that cryogenic temperatures (20 K, -253) led to an increase in static tensile strength and R = −1 fatigue lives in triaxial [−45/0 3 /45/0 3 / ± 45/0 3 /45/0 3 / − 45] laminates. However, they were unable to quantify the increase in static strength as their test frame was not strong enough to break the cold specimens. Furthermore, all their tests resulted in lives shorter than 100 000 cycles at loads less than 20 % of the laminate ultimate tensile stress at 300 K (27) . Therefore, it is expected that improvements in glass fibre sizing and coupling agents as well as modern resin formulations may lead to modified behaviours. Moreover, the very long life expected from wind turbine blades would require extrapolation of results beyond reason.
A report by Sys also provides some R = 0.1 and R = −1 fatigue test data on ±10 • glass-unsaturated polyester composite with v f = 0.5 tested at -20, 20 and 50 [21] . Although very little analysis is provided with the data, results suggest that on a strain basis, the low temperature had little effects on fatigue performance.
Another example of work on low temperature fatigue is found in research from Bureau and Denault [22] . They studied the effect of temperatures ranging from -40 to 50 on the R = 0.1 flexural fatigue of two composite materials. The first laminate was a 2-2 glass twill-polyester construction and the second was a biaxial glass fabric-polypropylene stacking. Both laminates were of v f = 0.6. According to their results, when normalized by the static strength at their respective temperatures, stress-life (s − N ) curves for the glass-polyester were superimposed, while those of the glass-polypropylene matrix composite showed a small improvement in fatigue life. Tang et al. [23, 24] also showed that tensile fatigue of pultruded multi-axial E glass-vinyl ester laminates with v f = 0.36 (about 0.24 random mat and 0.12 unidirectional roving in the principal direction) was influenced by temperatures in the range of 4 to 60. They suggested that the slope parameter of their s − N equation would decrease with an increase of temperature (clockwise rotation of the s − N curve). They also suggested that when plotting with stresses normalized by the static strength at the test temperature, the s − N curves would rotate about a point situated at S = 2S ut /3 and N = 1000 cycles. However, their tests were run at 10 Hz, which is relatively high and might result in hysteretic heating of the specimen and interfere with interpreting the results. Moreover, their lowest test temperature was limited to 4. Work from Nijssen and Cormier, conducted as part of the European Upwind project, also provides some results for tensile and reversed fatigue on unidirectional E glass-epoxy laminates (v f ≈ 0.48%) at varying frequencies and temperatures [18, 19] . Their results showed that at low frequencies, a temperature of -40 has minor negative to negligible impact on both tensile and reversed fatigue performance whereas a temperature of 60 proved very detrimental. The laminate glass transition temperature (T g ) was measured to be around 75.
Kujawski and Ellyin have shown that in ±45 • glass-epoxy laminates, viscous effects play an important role in the dynamic response of the material [25] . They observed that under cyclic loading, an accumulation of creep induced strains takes place and showed that the test frequency influences the cyclic creep rate. As dynamic thermal mechanical analyses under shear loading by Adams and Singh [26] have shown that epoxy resins and composites undergo a low-temperature transition (around T = −40) that is associated to a marked increase of loss factor, it is possible that low temperatures have deleterious effects on fatigue performance of ±45 • glass-epoxy composites.
Understanding the effects of low temperatures on glass-epoxy composites response to fatigue loading is required to allow for the safe exploitation of the wind energy potential in cold regions. In order to help bridging this knowledge gap, an important material testing campaign was included in the Wind Energy Strategic Network (WESNet) of the Natural Sciences and Engineering Research Council (NSERC) of Canada. This paper presents parts of the results from WESNet on the topic of cold climate durability of composite materials for wind turbines. It focuses on the results of the static tensile and compressive tests results as well as tensile and fully reversed fatigue test campaign on biaxial (±45°) glass-epoxy composites.
Experimental

Material Description
Test results presented herein are for glass-epoxy laminates of [∓45] 2s configuration. The material had a v f = 0.47 with standard deviation σ = 0.01 as measured by matrix burn-off on a single specimen of 25 mm by 25 mm taken from a random location on each of ten different 320 mm by 300 mm plates manufactured for specimen fabrication. The reinforcements are SAERTEX ® multiaxial non-crimp fabrics. Each pair of ∓45 • plies were pre-stitched fabrics of 831 g/m 2 total areal weight. Each of these stitched plies were constituted of a layer of 600 TEX E-glass strands oriented at -45°and good for 401 g/m 2 followed by 21 g/m 2 of 68 TEX E-glass strands at 90°and another 401 g/m 2 ply at +45°. These sub-plies were all stitched together with 6 g/m 2 worth of polyethersulfone (PES) thread running in the 0°a nd 90°directions. The matrix is Momentive Epikote TM MGS RIMR 135 epoxy resin cured with a 20/80 part mixture of Momentive Epikure TM MGS RIMH 134 and MGS RIMH 137 curing agents. Based on the resin manufacturer material data sheet, the cured neat resin's T g = 84.7 • C at the onset of the storage modulus drop, as measured by dynamic thermal mechanical analysis.
Laminates were manufactured at the Knowledge Center Wind Turbine Materials and Constructions (WMC) by vacuum assisted resin transfer moulding between two rigid aluminium plates that are bolted together. In order to provide a good control and repeatability of laminates v f and thickness, shims were inserted between the mould plates to ensure the predetermined spacing based on the target v f and the areal weight of the fabric were respected. The tooling and resin were preheated to 30 prior to infusion. The infusion process was performed at 30. After infusion, the temperature was increased to 50 at a rate of 1/minute. Temperature was then kept at 50 for three hours. After the first temperature dwell period, temperature was raised to 70 at a rate of 1/minute where it remained for ten hours. The final cooling phase was uncontrolled. After fibre wetting under vacuum, the curing of the laminate is performed at atmospheric pressure to minimize void volume. Specimens were cut using a water-cooled diamond coated saw.
Test Methods
Static and fatigue experiments were conducted on servo-hydraulic test frames either at Ecole de technologie supérieure's (ETS) department of mechanical engineering material testing laboratory or at WMC. The air temperature around the specimen, the load and the displacement were monitored during the tests. An environmental chamber with temperature and humidity control was connected to the test chamber through a forced air system. The temperature control was on the environmental chamber and the temperature setpoint was adjusted so that the test chamber temperature matched the test temperature within ±1. In order to ensure that the temperature was uniform within the specimens, they were left at the test temperature for at least 15 minutes prior to testing. Tests were run at a temperature of -40 and 23. The test was interrupted if the air temperature within the test chamber was outside of a ±5 margin of the target temperature.
Tensile quasi-static experiments were performed in accordance to ISO 527 for off-axis laminates [27] and ISO 14129 for determination of shear properties [28] . The compression tests are not standardized but the general requirements of ASTM D 3039 and ISO 527 were respected (except for the specimen geometry which is described later). Static test specimens were equipped with at least one longitudinal and one transverse foil type strain gage with a grid resistance of 120 Ω (ETS) or 350 Ω (WMC) with respective excitation voltages of 2 V and 1 V. Low grid excitation voltages were used in order to minimize grid resistive heating. Tensile and compressive moduli are evaluated between 500 µ and 2500 µ , while the shear chord modulus is evaluated between 1000 µ and 5000 µ . Note that despite the extensive necking often encountered in ±45 • laminates, failure stress are provided based on engineering strains, that is based on the nominal specimen cross-sectional area. At least five specimens were tested for each condition. It is important to realize that tensile testing of ±45 • laminates allows for the characterization of both the tensile properties of the ±45 • laminate as well as the shear properties of its constituent 0°unidirectional ply. However, it does not provide any information on shear performance of ±45 • materials. The results, assuming limited constraint from the PES stitching and low amount of transverse fibres, are to be seen as a description of the shear behaviour of the UD laminates predominant in the spar caps and of the tensile behaviour of the ±45 • laminates which form the major part of the skins and spars.
Fatigue experiments were load controlled and performed either at R = 0.1 or R = −1, with R being defined as the ratio of the minimum stress during the cycle (s min ) over the maximum cyclic stress (s max ) as per:
Therefore, R = 0.1 makes for a pure tensile fatigue case and R = −1 implies a fully reversed fatigue cycle with an equal tensile and compressive stress magnitude. All s − N curves and their equations are based on the maximum stress s max or the maximum stress normalized by the static strength at the test temperature s max /S ut . Note that a capital S denotes a strength while a lower case s is used for stress. In practice, a maximum cyclic load P max was defined and the stress was calculated according to:
for tension or:
for shear. In equation 2 and equation 3, P is the load and A is the specimen cross-sectional area. The subscripts 1, 2, 12 (as well as x, y, xy which will be used later) refer to material directions which are defined in Figure 3 c). Since the stress-strain relationship of the laminate is non-linear and since only a fraction of fatigue specimens were equipped with strain gauges, the analysis is limited to that based on stresses. A sinusoidal waveform was used for the load cycle. Low test frequencies (f ) were also used in order to ensure that changes in behaviour at low temperature could not be attributed to a compensation of autogenous (hysteretic) heating [29, 23, 30, 31, 32] . Moreover, the testing frequency was adjusted as a function of the maximum load in order to maintain an approximately constant strain energy rate as per equation 4, by Krause [33] .
Equation 4 is relative to a reference frequency-strain amplitude which must be determined experimentally. In the current work, the reference condition was based on surface temperature measurements near the grips at the higher fatigue load level. The acceptable threshold for temperature was set at 35 before failure. However, average temperatures during tests at room temperature were all below 27.
The use of equation 4 for determining test frequencies should make any internal heat generation due to viscous effects uniform over the range of experiments. Moreover, it ensures that if cyclic creep strain build-up occurs, it should also remain similar between experiments at different loads [25] . Table 1 provides the description of the fatigue test matrix. Each of the s − N curves are obtained from a minimum of six specimens spread over a range of three load levels, allowing for a replication of 50% based on ASTM E 739 [34] . 
Specimen Description
The tensile specimen geometry is very similar to that of ASTM D3039 [35] and ISO 527 [27] for multi-axial laminates as well as that of ASTM D3518 [36] and ISO 14129 [28] for in-plane shear properties of ±45 • laminates. This geometry also corresponds to the Optimat I10 specimen geometry [37] . Figure 3 a) provides the general information on the specimen geometry. Note that according to the convention presented in Figure 3 c), the laminate that was used for in this project is [∓45] 2s . However, since in the context of this paper there is no difference between such a laminate and [±45] 2s , no distinctions will be made from this point on. Although they are not required by the standards, straight tabs made of 2 mm thick ±45 • glass-epoxy laminates bonded with epoxy adhesive were used. Tabs were used as, in addition to providing protection against mechanical damage due to gripping, they provide thermal insulation between the grips and the gage section. Static compression and fully reversed fatigue specimens are of the Optimat R09 geometry. The R09 specimen is a general purpose geometry proposed in the Optimat project. It is a thick, short specimen designed to prevent buckling under compression and has a gage section longer than the specimen width to ensure that off-axis fibres do not run from one tabbed section to the other [37] . A description of the R09 specimen geometry is provided in Figure 3 b) .
It is worth noting that some of the materials and specimen peculiarities do not totally comply with the requirements of ISO 14129. First, the presence of stitching and transverse fibres will result in a constraint of the ply pairs reaction to shear. However, since the stitching is non-structural and worth less than 1% of the fibre weight, it is believed that its effect will be limited. Similarly, the presence of 2.5% by weight of transverse glass fibres is expected to have limited effect on the material shear behaviour. Finally, the short length of the compression specimen is also likely to have a somewhat more complex stress distribution than a longer specimen, but the short length is a prerequisite to avoid buckling.
Determination of s − N Parameters
Parameters of the s − N relationship and their statistics are estimated using the maximum likelihood (ML) estimation method. The ML method allows for the proper mathematical treatment of censored data (e.g. runouts or interrupted tests due to time constraints or technical reasons). A detailed description of the ML approach can be found in textbooks such as Nelson's [38] or Gijbels' paper [39] . Applications to the fatigue problems are given in such papers as those from Nelson [40] , Spindel and Haibach [41] and a specific application to fibrous composites is found in Sendeckyj [42] . Although the application of the ML estimation method is relatively complex, the concept itself is simple. The basic idea is to assume a relationship describing the phenomena being modelled and its underlying statistical distribution. Loosely speaking, the likelihood of a result is the probability of the datum point value being observed (or exceeded in the case of a runout) given the model and the statistical distribution. The likelihood of each data point is then evaluated as a function of the relationship parameters. The total likelihood of the relationship corresponds to the product of the likelihoods of each datum point. The solution of the problem is the set of relationship parameters that maximize the total likelihood and is found by optimization methods. It is interesting to note that the ML approach results in a weighting of the influence of a censored data point on the relationship parameter determination according to how far it lies from the average of the results. On the one hand, the farther a censored point is below the average, the more likely it is (i.e. its probability tends to unity) and the less impact it has on the total likelihood. On the other hand, the farther a data point exceeds the average, the less likely it is (i.e. its probability tends to zero) and the more weight it has.
For the current project, a log-log linear relationship of the s − N curve as that of equation 5 is assumed. log (N ) = γ 1 + γ 2 log (s)
In equation 5, log (s) is the base 10 logarithm of the maximum cyclic stress (or normalized cyclic stress) and is the independent variable, log (N ) is the base 10 logarithm of the life in cycles, while γ 1 is the intercept coefficient and γ 2 is the slope coefficient of the relationship. In order to assess the likelihood and as it is desirable that the model provides statistical information like confidence intervals on the s−N curve, an underlying statistical distribution is required. In the present work, it is assumed that the data has a lognormal distribution and that the log-standard deviation σ L is constant for all stress levels. The ML estimation therefore also has to evaluate a third parameter γ 3 = σ L . Confidence bounds are given by the approximate normal confidence interval approach. Parametersγ 1 ,γ 2 andγ 3 =σ L are the estimators that are provided by the ML method as approximate values of the true parameters γ 1 , γ 2 and γ 3 . It is worth noting that the determiation of confidence bounds by the approximate normal confidence interval approach relies on the asymptotic theory and on the assumption of normal error distribution. However, in the context of fatigue in general, and particularly in part of the present work, a low number of test results preclude the robust verification of those underlying assumptions. Nevertheless, considering that the results of the present work are generally well behaved, the estimations should be acceptable.
Results and Discussion
Strength and modulus of ±45
• laminates
The tensile test on [±45] 2s laminates can either be regarded as providing off-axis strength and modulus of the laminate (S x and E x ) or as an indicator of the shear properties of its cross-ply ([0/90] s ) 0°sub-laminate (S 12 and G 12 ). The following analysis reflects these possibilities and results are provided for both cases.
Tensile properties
Results from the tensile experiments on [±45] 2s laminates are presented in Table 2 for both test temperatures. These results show that low temperatures leads to a significant increase of both tensile strength (S + x ) and modulus (E + x ) of ±45 • laminates. S + x increased by 33 % on passing from a temperature of 23 to a temperature of -40, while E + x rose by 20 % for the same temperature drop. Inspection of the 95% normal confidence intervals on S +
x and E + x shows that the differences in strength and modulus at the two test temperatures are statistically significant, while the change in standard deviation of these properties is not.
These changes are believed to be mostly due to increases in matrix mechanical properties, although the interphase (i.e. the transition region between the fibre surface and the bulk matrix) might also be affected by the temperature change. It appears that internal stresses due to the discrepancy between the matrix and fibre thermal expansion coefficient as well as the interlaminar thermal stress due to the lower temperature do not negatively impact the laminate strength.
Shear properties
Due to the importance of the shear stress component on ±45 • laminates under tension loading, the test can also be considered as an indicator of the shear behaviour of UD or cross-ply laminates. Therefore, analysis of the tests from the shear perspective are also provided in Table 3 .
As expected for matrix dominated properties, temperature effects are important. As could be anticipated from equation 2 and equation 3, when measured at a temperature of -40 the increase in S 12 is 33 %, or the same as for tensile strength. However, the shear chord modulus (G 12 ) rises by 27 % in the same condition, which is more than what was observed for E x . Again, the 95% normal confidence intervals show the statistical significance of the strength and stiffness increase at -40.
Compressive properties
A summary of results from compression experiments is given in Table 4 .
Low temperatures result in a very significant increase of both S − x and E − x of ±45 • laminates. S − x increased by 36 % on passing from a temperature of 23 to a temperature of -40 while E − x rose by 24 % at low temperature. Based on the confidence intervals, the changes in strength and stiffness are statistically significant to the 5% level.
The fact that S + x and S − x are very similar both nominally and at low temperature suggests that the R09 sample geometry was adequate to prevent buckling. It is also worth noting that the stitching may contribute to the good buckling resistance of the specimen as by being stitched in pairs plies are held together even if delamination occurs.
General considerations on static strength at low temperature
The current results show a globally improved performance of the [±45] 2s laminate at -40. These results are in contradiction to earlier work on off-axis composites by Shen and Springer [12, 13] , Bulmanis et al. [14] and Dutta [15, 16, 17] . However, more recent work on unidirectional glass-epoxy by Cormier and Joncas [11] as well as Nijssen and Cormier [18, 19] show improvements of mechanical properties at low temperatures. One of the possible causes for this discrepancy is the v f , which are not stated in the papers from Shen and Springer or Dutta, but that could have a significant effect on low temperature behaviour by influencing the stress distribution around fibres, increasing stress concentration with v f . The specific thermo-mechanical properties of fibres -e.g. the negative coefficient of thermal expansion (CTE) of carbon fibres -may also have an important effect on thermal stresses occurring at low temperatures [43] . The authors believe that changes in modern coupling agents and matrix formulations might also be involved as improvements to these parameters might allow a shift from a state where mechanical properties were limited by the interphase strength to a state where matrix properties govern failure in more modern laminates.
R = 0.1 Tensile Fatigue
A summary of individual specimen results for R = 0.1 fatigue tests is provided in Table 5 .
The ML estimates of the fatigue curves parameters and their respective 95 % confidence bounds (based on absolute and normalized stresses) are given in Table 6 for both temperatures. The s − N curves based on absolute stresses are provided in Figure 4 while those based on normalized stresses are shown in Figure 5 .
The following remarks can be formulated based on the results from Table 6 and Figure 4 .
1. The change in slope of the s − N curves is small, but statistically significant (higher slope coefficient at -40).
2. The fatigue life at -40 is improved by more than an order of magnitude compared to that at 23.
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a Runouts indicated by a "+" sign before the cycle count. The first observation is supported by the fact that, although the damage evolution process is somewhat affected, the final failure mode seems to remain unchanged. Figure 6 illustrates the damage evolution for a room temperature test. The damage appears to initiate as matrix cracking between fibres. these cracks then grow along the fibre direction. Aided by the out-of-plane stress near the specimen edges, cracks emanating from each ply eventually coalesce, leading to ply separation near the edges. As these delaminations grow toward the centre of the specimen, the original cracks along the fibres also continue to grow and coalesce, creating additional delaminated regions. These damages continue to grow until final failure of individual plies along their fibre direction.
However, as evidenced by a much lower crack density outside the failure area on tests performed at -40, it appears that cracking, coalescence and delamination are delayed substantially at low temperature. In Figure 7 , post-mortem photographs of specimens from the two test temperatures after cyclic loading at 4250 N and 5950 N show the difference in damage distribution. At room temperature, the failure starts by the development of multiple individual nucleation sites which interact together to form a broader network of damage ultimately leading to the specimen failure. In contrast, although cracking along the fibres also initiates randomly over the specimen subjected to low temperature, it seems that there is less interaction between damaged regions. The growth and coalescence phase is thus slowed down and a single region, which probably was initially weaker, collects most of the subsequent damage, leading to a rather localized failure. The reduced interaction between cracks may explain the lower scatter of -40 fatigue results.
This behaviour can be related to the work of Reifsnider and Case [44] , where effects of matrix properties on failure and failure modes of UD composites were discussed. Their analysis led them to conclude that any temperature change could either provide an improvement or degradation of the composite's strength. This would be due to changes in stress redistribution around broken fibres and the descriptions of the phenomenon relies on the concept of ineffective length, which represents the distance required for the stress around the break to go back down to the average stress (Gao and Reifsnider [45] , Subramanian, Reifsnider and Stinchcomb [46] , Reifsnider and Case [44] ). If the matrix is compliant, a large distance is required in order to redistribute the load around the broken fibre, while a stiff matrix can redistribute the load over a smaller distance. Clearly, the latter case results in a higher stress concentration around the break, which further leads to brittle failure. However, in the former case, accelerated failure is also possible due to increased interaction between fibre breaks. Therefore, optimal strength is obtained at an intermediate matrix compliance and changes of this matrix property due to moisture or temperature may result in either a positive or negative effect on strength. It is proposed here that for a ±45 • laminate, a similar process may be active around matrix cracks and interply delaminations and that the stiffening of the matrix may reduce the length over which a stress concentration occurs close to the end of a matrix crack, reducing the potential for crack interactions.
It is believed that the changes in fracture mechanics at low temperature may also follow from a combination of additional factors. First, both the matrix tensile and shear strengths are likely to be improved at low temperature, delaying the apparition of the initial cracks along the fibre direction. Second, changes in matrix and possibly interphase behaviour result in an increase of the interlaminar strength of glass-epoxy composites at low temperature. This was shown by short beam shear test results by Cormier and Joncas [11] . Such an improvement in interlaminar strength would possibly delay the apparition and coalescence of interlaminar cracks that seem to have an important role in the failure process. The mechanisms described above appear to override the expected strength reduction resulting from internal tensile stresses developed in the matrix at low temperature as a consequence of the mismatch in fibres and matrix CTE. The micromechanics equations provided by Lord and Dutta [47] and given by equation 6 can be applied to estimate these internal tensile matrix stress due to a change in temperature T and specific moisture content M . In equation 6, the matrix properties, denoted by the subscript m, can be altered according to Chamis' empirical relations of equation 7 and equation 8 in order to account for the influence of temperature and moisture content [48] . In equation 6, E is the constituent Young's modulus, α is the CTE, β is the moisture swelling coefficient and T g the glass transition temperature. F m is the property reduction factor and can be applied to any matrix property. F m is simply the ratio of X m , any given matrix mechanical property, over its reference value X m0 and is correlated to the empirical relationship of equation 7. For equation 6 to equation 8, subscripts f , w and 0 respectively stand for fibres, wet and reference properties. Finally, in equation 6, the variable T s=0 stands for the reference stressfree temperature. T s=0 can be assumed to be close to T g as during curing, chain mobility should allow relatively easy stress relaxation as long as T ≥ T g [49] and that sufficient time is given for the visco-elastic relaxation to occur. Note that in the literature, the cure temperature (T cure ) has also been reported to be an indicator of T s=0 [43] . However, in the current context, T g and T cure are quite close and the definition of T s=0 does not influence the reasoning. It should also be noted that, since the polymerization reaction is assumed to be complete, the chemical shrinkage is neglected in equation 6.
For example, if equation 6 is applied to a UD ply of anhydrous (M = 0) glass-epoxy with v f = 0.55 and with E m varying according to equation 7, the magnitude of matrix thermal stress due to a temperature drop to -40 is about 20 MPa. Such a stress is quite significant considering that the matrix strength at room temperature is around 70 MPa. Furthermore, as the matrix shrinkage in the direction of each ply principal fibre orientation is restrained, significant interlaminar stresses may be expected. Strengthening processes such as those discussed earlier must therefore be active in order to counteract the negative effects of thermo-mechanical stresses.
Analysis of the normalized results from Figure 5 and Table 6 show further evidence of the slope change at low temperature and corroborate the existence of Tang et al. [23] "pivot point" around which the normalized s−N curve rotates for varying temperatures. However, Tang and his colleagues located it in the neighbourhood of 1000 cycles and 2S ut /3, while our results place it somewhat above 2S ut /3 on the stress axis. This difference might be explained by the higher test frequency in Tang's research leading to increased hysteretic heating and reduced lives at higher stresses. The fact that the normalized s − N curve for -40 is under that at 23 in the entire range of stress that was tested also suggests that the mechanisms improving static strength are not as effective in fatigue.
It is also believed that an increased cyclic creep strain build-up associated with a higher loss modulus at -40 might explain the reduction of the slope parameter and the resulting decrease in fatigue performance on a normalized stress basis. Indeed, Kujawski and Ellyin [25] demonstrated that, as a result of the visco-elastic nature of the polymer matrix, cyclic creep strain accumulation contributes to the fatigue failure of ±45 • composites. For epoxy and glass-epoxy composites exposed to temperatures in the neighbourhood of -40, Adams and Singh's reported a peak of loss modulus [26] . As loss modulus is an indicator of the viscous nature of a material, low temperatures should result in increased cyclic creep strain build-up and accelerated failure.
The cyclic creep strain accumulation hypothesis is further corroborated by the consistency of the fatigue results with Kujawski and Ellyin's remark that viscous effects are load dependent. In their work, increasing the test frequency resulted in increased cyclic creep strain rates under high loads whereas they were reduced at low loads. Put otherwise, an increase in frequency should translate into a counterclockwise rotation of the s − N curve. Accounting for the fact that temperature and frequency can be substituted one to another for determining dynamic properties of polymers [26] , it is possible to draw a parallel between frequency and temperature effects on cyclic creep build-up. However, it is important to realize that although a temperature decrease is usually assimilated to a lesser importance of the viscous behaviour and would normally be assimilated to a frequency increase, Adams and Singh results suggest otherwise. In fact, it becomes evident that the increased loss modulus at -40 is equivalent to a frequency reduction. Improved performance at high loads and decreased performance at low loads, such as observed in the present case, are therefore coherent with the assumption of cyclic creep strain build-up.
Finally, as the normalization based on ultimate tensile strength appears to eliminate the shifting of the s−N curve towards the longer lives at low temperature, it is believed that this shift is essentially the result of the matrix strength improvement and reduction in interaction between damage sites. However, the change in slope is not affected by normalization, although the slope difference is visually emphasized on the normalized s − N curve. It is a Runouts indicated by a "+" sign before the cycle count.
suggested that this change in slope parameter at low temperature might mainly results from increased viscous effects.
R = −1 Fully Reversed Fatigue
Individual results for fatigue at R = −1 are provided in Table 7 for both 23 and -40. The resulting ML parameters are given in Table 8 . Figure 8 and Figure 9 provides a visualization of the s − N curves respectively based on absolute and normalized stresses.
On an absolute basis, the durability of glass-epoxy composites under R = −1 loading is strongly affected by a reduction of temperature from 23 to -40. This is evidenced by an improvement in fatigue life of about one decade when compared to room temperature results. However, as opposed to the behaviour at R = 0.1, the slope parameter is strongly affected by temperature. This is consistent with the fact that a change in failure mode occurs between 23 and -40.
At room temperature, all specimens failed by ply buckling after extensive delamination whilst at -40, the load-displacement data indicates that all failures occurred in the tensile loading phase. This suggests that either or both of the following phenomenon occur:
1. The ply stiffness rises enough to bring the magnitude of critical buckling stress above that of the stress required to break the matrix.
2. The interlaminar shear strength increases sufficiently to mitigate the delamination growth.
It appears that the mechanisms that lead to the retardation of damage growth and crack coalescence in tensile fatigue are also active in reversed fatigue. However, the added benefit of limited damage during the tensile cycles is that buckling of separated plies is eliminated. However, even though the failure is tensile for R = −1 loading at -40, the R = 0.1 and R = −1 fatigue curves are not comparable. The reversed loading specimens fail much earlier and have a higher slope coefficient. This is easily seen by comparing R = −1 data in Figure 8 to R = 0.1 data from Figure 4 . Nonetheless it is interesting to note that moving from a compressive failure due to buckling to a tensile failure is an indicator of more efficient material usage.
Note that although fully reversed fatigue lives are generally increased in the stress range measured in this study, wind turbines are designed for lower stresses and strains required to reach 10 8 to 10 9 cycles. If results are extrapolated to those low stresses, a temperature of -40 may result in lower lives as a crossover of the s − N curves is visible around 10 7 cycles.
When normalized with respect to the static strength, the improvement in low temperature fatigue resistance is less convincing. Figure 9 shows that for stress above ≈ 35 % of S ut , fatigue lives are shorter at -40 than at 20. Therefore, the mechanisms that improve static strength at low temperature appear to be less efficient for fatigue. The fatigue results for R = −1 loading are also in agreement with the cyclic creep strain accumulation hypothesis discussed in section 3.2 as the lives are shortened at low stresses while they are lengthened at higher loads.
Conclusions
The fatigue performance of glass-epoxy composites at low temperature is of interest for the wind turbine industry because huge wind energy potential exists in northern regions. However, turbine reliability is crucial in these remote regions and information on the dura-bility of composites in cold climates is scarce. As a result, the WESNet research project included a broad material test program in order to study possible complications or gains related to the use of composites under cold climates and results for static and fatigue ±45°g lass-epoxy are presented. Results demonstrate that tension and compression strengths and moduli of the [±45] 2s laminate as well as the shear strength and modulus of its constituent plies are all significantly improved at low temperature. This is believed to result from increased mechanical properties of the matrix and interphase as well as from the reduced possibility for interaction between damage sites due to increased matrix stiffness. These effects appear to largely outweigh the internal intraply and interply stresses developed due to constrained thermal deformations.
On an absolute stress basis, results for constant amplitude fatigue at R = 0.1 showed that an approximately tenfold increase in fatigue life can be expected at -40 when compared to 23. Furthermore, the slope parameter was only slightly reduced under those conditions, resulting in improved lives at low stresses. Conversely, the slope parameter of the R = −1 fatigue s − N curve at -40 is decreased significantly. This reduction of the slope parameter is associated with the transition from compressive failure at 23 to tensile failure at -40. However, this change in slope parameter can result in shorter lives when the s − N curve is extrapolated towards the low stresses required to meet the extended lives expected in wind energy applications.
Nonetheless, when normalized by the static strength at a given temperature fatigue lives of ±45°glass-epoxy composites are shorter in all situation apart for high stresses at R = −1, where the change in s − N slope parameter results in improved performance. It is believed that the behaviour exhibited by the normalized stress results is a consequence of the increased cyclic strain build-up due to a loss modulus increase at low temperature.
It was also demonstrated that the damage growth and distribution was affected by low temperatures. At room temperature, strong interactions between initial matrix cracks was observed. This led to multiple zones with comparable levels of damage just before the onset of failure. However, at low temperature, it appears that changes in matrix properties made cracks less likely to coalesce into larger damage and final failure is more localized.
Therefore, from a practical point of view, it seems that in absolute terms and within the stress ranges studied here the effects of low temperatures are mainly beneficial for the fatigue durability of ±45°glass-epoxy composites. The main concern remaining for the wind energy industry in regard to the durability of the laminate is with potential degradation of fatigue strength at very low load, which was not studied in the current project but is relevant for the sector. Furthermore, it should be kept in mind that scaling and application to more complex laminates and structures are still scarcely documented in the literature.
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